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Abstract 
Nanocrystalline powder of Tm3+ doped lutetium oxide, Tm:Lu2O3, has been synthesized by the sol-gel Pechini 
method. Differential thermal analysis, X-ray powder diffraction and transmission electron microscopy were used to 
investigate the effect of Tm3+ ion on the structure and morphology of samples. In all cases, the obtained 
nanoparticles crystallize in the cubic system, with space group of symmetry Ia3. The mean particle size was 100-
200 nm with crystallite size of 20-30 nm. Optical absorption and cathodoluminescence spectra were recorded. The 
cathodoluminescence spectra showed an intense blue emission associated to the 1G4o3H6 transition. CIE chromatic 
coordinates, dominant wavelength and color purity were determined for the evaluation of this material as a potential 
blue phosphor. 
Keywords : blue phosphor, rare-earth sesquioxide, lutetium oxide, Pechini sol-gel method, thulium spectroscopy.
1. Introduction  
Highly transparent cubic ceramic materials Y3Al5O12 (YAG) and rare-earth sesquioxides RE2O3 have received great 
attention due to the improvement reached in nanocrystalline technology [1,2,3]. Particularly, the rare earth 
sesquioxides, the crystal hosts subject of the study of this work, have a very large thermal conductivity and low 
phonon energy values and they can be highly doped with lanthanide ions. Specially the Lu2O3 matrix is highly 
*
Corresponding author. Tel.: +34- 977-558-790; Fax: +34-977-559-563
  Email address: elixirwilliam.barrera@urv.cat 
c© 2010 Published by Elsevier Ltd.
Physics Procedia 8 (2010) 142–150
www.elsevier.com/locate/procedia
1875-3892 c© 2010 Published by Elsevier Ltd.
doi:10.1016/j.phpro.2010.10.025
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
 E. W. Barrera/ Physics Procedia 00 (2010) 000–000 
chemically and thermally stable and has a broad optical transparency from the visible to the NIR regions [4]. Due to 
the similarity of ionic radii between Tm3+ and Lu3+ ions, Lu2O3 shows a high suitability to be doped with thulium 
ion. 
The Tm3+ ion has a large absorption around 785-810 nm which is suitable for AlGaAs laser diode pumping [5]. Two 
micron laser Tm3+ emission in bulk crystal sesquioxides has been recently reported in [6] exhibiting a broad 
tunability. This wavelength emission possesses interesting applications for remote sensing and medicine, for 
instance, based on the atmospheric transparency window and the absorption of water at this wavelength range. 
Furthermore, Tm3+ also shows an interesting visible emission located in the blue range, required for applications in 
colour displays, printing and data recording. In this field of applications, the Eu-doped Y2O3 sesquioxide, discovered 
decades ago, is still considered to be one of the best red oxide phosphors, mainly because of its excellent 
luminescence efficiency, color purity, and stability.
In order to study the possibility of a Tm3+ based sesquioxide phosphor, we prepared Lu2-xTmxO3 nanocrystals 
(x=0.01-0.3), using a sol-gel Pechini method and optical absorption and cathodoluminescence properties were 
investigated. 
2. Experimental Procedure 
2.1-Synthesis of the nanocrystals 
Tm3+ doped Lu2O3 nanocrystals Lu2-xTmxO3 with x = 0.01 – 0.3 (i.e., 0.5 - 15 at. % Tm
3+) were synthesized by a sol-
gel Pechini method [7] using analytic grade purity reagents (99.9999%). The precursor oxides, Lu2O3 and Tm2O3,
were dissolved in hot nitric acid and heated until evaporation to precipitate the nitrate salts. We used 
ethylenediaminetetraacetic acid (EDTA) as complexation agent and ethylenglycol (EG) as polymerization agent. 
The nitrates salts were dissolved in an aqueous solution with a molar ratio of EDTA to metal cations 
CM=[EDTA]/[METAL] = 1. In this way, the EDTA forms complexes with the metal cations. Further, EG was added 
to the mixture in a molar ratio CE=[ [EDTA]/[EG]=2, and then heated on a hot plate under constant stirring. The 
obtained solution was dehydrated on the hot plate at 363 K. When the water was removed, an esterification reaction 
began forming a polymeric viscous white gel, where the cations are randomly dispersed in an organic network. The 
gel was calcinated at 573 K , generating a brown foam that finally became into a fragile black mass, the precursor 
powder. Finally, the precursor powder were calcinated at 1073 K for 2 h to obtain the nanocrystalline product.  
2.2-Characterization techniques  
The precursor powders were analyzed by differential thermal analysis (using DTA-TG equipment SDT 2960 from 
TA instruments) in air flow of 90 cm3/min at a heating rate of 10 K/min in order to characterize the thermal 
decomposition. The weight of the sample and the weight of alumina used as a reference was approximately 10 mg. 
The structural identification of the synthesized crystallographic phase and the refinement of the unit cell parameters 
of the Tm:Lu2O3 nanocrystals was carried out with X-ray powder diffraction (XRPD) data collected by using a 
Bruker-AXS D8-Discover diffractometer with a parallel incident beam (Göbel mirror) and vertical goniometer, a 
0.02 receiving slit and a scintillation counter as  detector. Cu DK  radiation was obtained from a copper X-ray tube 
operated at 40 kV and 40 mA. Step-scanning mode was used, recorded at 2T=10-70q with a step size =0.02q, and 
step time = 16 s. 
The evolution of the unit-cell parameters of Tm:Lu2O3 nanocrystals as a function of temperature were measured by 
XRPD analysis using a Siemens D-5000 diffractometer (Bragg–Brentano parafocusing geometry and vertical T-T
goniometer) equipped with a high-temperature chamber (Anton-Paar HTK10). XRPD patterns were recorded also at 
2T = 10–70º, step size = 0.03º and step time = 5 s, at temperatures of 298 K and intervals of 100 K up to 1273 K.  
The chemical composition of the nanocrystals was examined by electron probe microanalysis (EPMA) in a Cameca 
SX50 microprobe analyzer operating in wavelength-dispersive mode. Thulium and lutetium concentrations were 
measured using the LD line and Lithium fluoride (LiF) as analyzing crystal.  
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A transmission electron microscope JEOL JEM-1011 equipped with MegaView III Soft Imaging System was also 
used to observe the shape and size of the nanoparticles, using a current accelerating voltage of 100 kV. The grain 
size histograms were measured by the iTEM Olympus Soft Imaging software and adjusted to a log-normal 
distribution to calculate the mean size and standard deviation. High-resolution transmission electron microscopy 
images were obtained by a HRTEM 300 kV Philips CM30 with spectrophotometer Link LZ5. 
The crystal habit and morphology of the grown nanocrystals were simulated using a Donnay-Harker-based SHAPE 
software [8]. 
Optical absorption of Tm:Lu2O3 nanocrystals was recorded at room temperature (RT) and low temperature (6 K) 
using a Cary Varian 500 spectrophotometer. In each case, the sample was cooled with a Leybold RDK-6-320 
closed-cycle Helium cryostat. Cathodoluminescent properties of the thulium doped nanocrystals have been 
investigated by an excitation voltage of 15 kV and the probe current 20 nA.
3. Results and Discussion 
3.1- Differential thermal analysis and thermogravimetry 
Figure 1 shows the DTA-TG measurements of the precursor powder of Tm3+:Lu2O3 nanocrystals for Tm
3+
concentrations between 0.5-15 at. % in the temperature range from 300 to 1200 K. Between 300-550 K, the 
dehydration of the powder causes a weight loss of about 3%. The strong exothermic peak at 700 K is attributed to 
the decomposition of the polyester formed by the esterification of ethylene glycol and EDTA, and it is associated on 
the releasing of CO2, H2O and NO2. The interval from 750 K to 900 K corresponds to the transformation of the 
amorphous phase into the crystalline cubic structure. The temperature of decomposition and the final weight loss of 
the sample seem not be affected by the Tm3+ content. EPMA measured Tm3+ concentration of the final product 
matches in each case the expected one from the stoichiometry of the corresponding precursors. No evaporation of 
the metal ions has been observed. 
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Figure 1. DTA curve of the precursor powders of Tm:Lu2O3 (left).   TG curves showing the weight loss during the calcination 
process (right) 0.5 at. % Tm3+ (b) 5 at. % Tm3+ (c) 8 at. % Tm3+ (d) 15 at. % Tm3+.
3.2- Structural characterization 
In all cases, the XRPD patterns of the obtained nanocrystals correspond to the pure cubic phase, with space 
group 3Ia . To facilitate the identification of Bragg reflections corresponding to this phase, Figure 2 shows the 
XRPD pattern for Lu2O3 (JCPD File 43-1021). 
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Figure 2. X-ray diffraction patterns of the Tm:Lu2O3 nanocrystals obtained at a calcination temperature of 1073 K during 2 h. 0.5 
at. % Tm3+ (b) 5 at. % Tm3+ (c) 8 at. % Tm3+ (d) 15 at. % Tm3+.
The XRPD patterns obtained for the different compositions showed no extra peaks of residual products. For each 
composition the lattice parameter a  was refined using the Fullprof program [9] based on the Rietveld method [10]. 
An increase of a  when the Tm3+ concentration increases (Tm3+ ionic radii, ir= 0.880 Å for coordination number, 
cn = 6; Lu3+ ir=0.861 Å, cn = 6) is expected and it was observed in the results presented in Figure 3. 
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Figure 3. Cell parameters versus Tm doping concentration in the Lu2O3
The crystallite size D, was estimated using the Scherrer’s equation D=KO/(EcosTB) for peak broadening due to size 
effects. E is the full-width at half maximum measured in radians on the 2T scale, O is the wavelength used, TB is the 
Bragg angle for the measured hkl peak and K is a constant equal to 0.9 for D taken as the volume-averaged 
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crystallite dimension perpendicular to the hkl diffraction plane [11].The crystallite sizes determined by XRPD line 
broadening are presented in Table 1. 
Table 1. Tm:Lu2O3 nanocrystals composition and size distribution
at. % Tm Stoichiometry 
Crystallite 
Size  
[nm]
Particle Size
[nm]
0.5 Lu1.991Tm0.009O3 15.7 87±30 
5 Lu1.899Tm0.101O3 17.2 233±119 
8 Lu1.851Tm0.149O3 16.9 236±138 
15 Lu1.713Tm0.287O3 16.8 200±133 
3.3- Morphology and size distribution characterization  
Using the Shape utility that applies the Wulff theorem R(hkl), we have modelized the crystal habit for Tm:Lu2O3
shown as a regular polyhedron in Figure 4, which is dominated by the crystallographic planes {2 0 0} and {1 1 2}. 
The morphology of the crystallites in the TEM micrographs shown as insets in Figure 5 seems to correspond to this 
habit. The detailed observation of these images indicates that the crystallite size is approximately 20 - 30 nm, near to 
those values estimated from XRPD data.  There is no effect of the Tm3+ content on the size of individual 
nanocrystallites. Particle size distributions of Tm:Lu2O3 powders calcined at 1073 K for 2 h are shown in Figure 5  
These distributions were fitted to a lognormal distribution [12], indicating that the particles were formed by 
nucleation, condensation, and particle growth [13,14]. The mean values and standard deviations obtained from 
fittings of the histograms are summarized in Table 1. Aggregation of the nanocrystals into larger polycrystalline 
particles was observed in all samples, forming particles with 100-300 nm in size. It was not possible to resolve these 
aggregates as groups of nanoparticles in all cases, so the size distributions became wider because they were taken in 
account as single particle by the software. 
Figure 4. Scheme of the Lu2O3 habit model. Projection normal to the [111] direction 
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Figure 5. Size distributions and TEM micrographs for (a) 0.5 at. % Tm3+ (b) 5 at. % Tm3+ (c) 8 at. % Tm3+ (d) 15 at. % Tm3+.
In order to get more structural information of the Tm:Lu2O3 nanoparticles, HRTEM analysis was performed. The 
image shown in Figure 6 presents the grain boundary between two adjacent grains, distinguished by the lines 
corresponding to different crystallographic planes.  Lattice fringes with no detectable defects indicate that the 
synthesized materials are composed by single-crystal nanoparticles with high crystallinity degree. Distances 
between fringes are equal to 5.2 Å and 3.7Å, which correspond to the (200) and (220) crystallographic planes of the 
cubic sesquioxide Lu2O3 structure, respectively.
Figure 6. HRTEM images showing two adjacent nanocrystals of Tm-Lu2O3
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3.4. Optical Absorption  
Figure 7 shows the main optical absorption bands observed for Tm:Lu2O3 nanocrystals in the 430-1720 nm (23255- 
5814  cm-1) spectral range. Tm3+ is expected to substitute the Lu3+ ion in the two C2 and C3v C3i symmetry sites 
present in the unit cell of Lu2O3, in 3:1 ratio, without preferential occupation. C3i is a centro symmetric site, so only 
magnetic dipole transitions will be allowed from it. Thus, the optical absorption peaks in Figure 7 correspond to the 
allowed induced dipole electronic transitions from 4f12 Stark levels of Tm3+ located in C2 sites and magnetic dipole 
transitions (i.e., the 3H6o 3H5 transition) from both kinds of sites. [15]. The highest absorption intensity observed 
for Tm3+ in these nanocrystals is, as expected, for the electronic transition 3H6 o 3H4 located at 800 nm. The 
maximum intensity peak of absorption in this manifold is located at 796 nm. 
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Figure 7.  Room temperature optical absorption in the range 430 -1720  nm for Tm:Lu2O3 nanocrystals. 
3.5. Cathodoluminescence and Chromaticity 
Figure 8 shows the cathodoluminescence spectrum for the 15 at. % Tm3+ sample at room temperature. The 
major peak centered at 457 nm corresponds to the transition from 1G4o3H6, while the transitions from 1D2o3H6,
and 1G4o3H5 of the Tm3+ ion are related to the emission peaks at 364 and 813 nm, respectively. Furthermore, a 
broad band emission, acting as background is observed in the 300-550 spectral region. It could attributed to radiative 
recombination at defects involving oxygen vacancies [16], and it is characteristic of nanocrystalline particles [17]. 
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Figure 8. Cathodoluminescence spectra of 15 at. % Tm:Lu2O3 at room temperature (left). CIE Diagram corresponding to the 
cathodoluminescent emission (right). 
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A careful determination of the characteristics of the color is important for further applications of this material as a 
phosphor. The CIE chromatic coordinates ),,( zyx can be calculated from the tristimulus ratios as follow 
ZYX
Xx

 
ZYX
Yy

 
ZYX
Zz

 
Where the tristimulus values ),,( ZYX  can be calculated by following integrations over the entire visible 
spectrum:  
³ OOO dsxX )()(
³ OOO dsyY )()(
³ OOO dszZ )()(
)(Ox , )(Oy  and )(Oz  are the color matching functions that model the response of the photoreceptors in the human 
eye, and )(Os  is the emission spectrum of interest. The blue emission of the thulium doped nanocrystals has a CIE 
chromaticity coordinates of x=0.200, y=0.156. The dominant wavelength was calculated by extrapolation of the line 
from the white point (1/3, 1/3) to the boundary of the diagram that includes a given point (x,y). The dominant 
wavelength value was 468 nm. 
The color purity is defined as the ratio of the distance from the white point (1/3, 1/3) to a given coordinate (x,y) and 
distance from the white point to the boundary intersection [18]. A color purity of 54% has been obtained in 
comparison with CIE Standard Illuminant C. This values are similar to the ones reported in the literature for 
Tm:Y2O3 films with CIE (x,y) (0.158,1.50), dominant wavelength at 476 nm and 78% purity [19]. 
4. Conclusions 
Nanocrystals Tm:Lu2O3 with 0.5, 5, 8 and 15 at. % Tm
3+ concentrations were synthesized by the Sol-Gel Pechini 
method, with a calcination temperature of 1073 K during 2 h. These nanocrystals show a high crystalline degree in 
the cubic system, with the space group symmetry Ia3. For all Tm3+ concentrations analyzed, there is not effect of 
Tm3+ content on the crystallite size. The maximum absorption is centered at 796nm, corresponding to the electronic 
transition 3H6o3H4, in agreement with the bulk single crystal. Cathodoluminescence spectra showed that the Tm 
doped Lu2O3 have a light emission in the blue region at the wavelength of 457 nm corresponding to the 
1G4o3H6
transition, with a rather low purity of 54%. 
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